 3D simulation of the dynamics of non-spherical nanoparticles is evaluated.
Introduction
The increasing use of nanotechnologies and manufactured nanomaterials leads inevitably to a higher likelihood of release of airborne nanoparticles in the environment or at the workplace. Considering the existing worries or proven hazards (Hoet et al., 2004; Oberdörster et al., 2005; Wichmann and Peters, 2000) regarding inhalation of such aerosols, there is a need of developing models able to predict their transport, deposition and physico-chemical changes. Suitable quantitative models may help evaluating workers and public exposure, preventing this exposure by designing suitable mitigation strategies, or assisting the nanotoxicologists in designing experimental setups for inhalation studies.
In manufacturing plants, airborne ultrafine particles at high concentrations can be encountered, where their size distribution (PSD) can quickly change from their source to the environment through aggregation (Fuchs, 1964) . Since the aerodynamic diameter of particles will determine their deposition likelihood in the upper and lower airways, an important aspect of a proper human exposure model is hence its ability to predict the evolution of the PSD in space and time.
In that context, models based on Computational Fluid Dynamics (CFD) may provide a detailed estimate of exposure to airborne nanoparticles indoors, provided that they account for this aggregation process. In CFD models, two points of view are generally discussed when examining the modeling of particles aggregation, namely Eulerian and Lagrangian (Berlemont et al., 2001; Claudotte et al., 2010; Fox et al., 2008; Laurent et al., 2004; Mohaupt et al., 2011; Sommerfeld, 2001) . The Eulerian viewpoint is preferred when computationally effective treatments of particle collision and aggregation are necessary. Eulerian aggregation models are based on the well-known population balance equation (Friedlander, 2000; Lambin and Gaspard, 1982; Mulholland and Baum, 1980) . Since solving this equation with a direct numerical method is time-consuming, three main approximate approaches are available: the discrete method initiated by Smoluchowski (1917) , the sectional method (Kostoglou, 2007; Kumar et al., 2006; Kumar and Ramkrishna, 1996) , and the method of moments originally derived by Hulburt and Katz (1964) . Sectional methods were developed to avoid numerical diffusion errors inherent to the discrete method, but they remain computationally expensive. For this reason, the moments based methods constitute an attractive alternative when the aggregation process needs to be introduced in a CFD model (Cheng et al., 2009; Cheng and Fox, 2010; Marchisio et al., 2003b; Prat and Ducoste, 2006; Wang et al., 2005) .
Several closure techniques of the method of moments have been developed such as log-normal MOM (Lee et al., 1984; Pratsinis, 1988) , Gamma MOM (Williams, 1985) , Gaussian quadrature MOM (QMOM) and its variant PD-QMOM (Marchisio et al., 2003a; McGraw, 1997) , direct QMOM (Marchisio and Fox, 2005) , fixed QMOM (Alopaeus et al., 2006) , pth-order-polynomial MOM (Barrett and Jheeta, 1996) , MOM with interpolative closure (MOMIC) (Frenklach, 2002) , and Taylor series expansion MOM (TEMOM) (Yu et al., 2008; Yu and Lin, 2009 ). The methods of Lee et al. (1984) , Pratsinis (1988) and Williams (1985) assume a particular shape of the PSD, which is too restrictive for studying a wide range of aerosols, particularly when the input of the model comes from experimental measurements. The method of Barrett and Jheeta (1996) presents similar limitations since it makes assumptions on the set of moments. Other methods of moments like the MOMIC and the TEMOM (Frenklach, 2002; Yu et al., 2008; Yu and Lin, 2009 ) are very interesting to achieve a low computational cost, especially when particle dynamics have to be combined with computationally demanding mechanisms (combustion, reactive flow, etc.). However, for aerosols undergoing both Brownian and turbulent aggregation, between the free-molecular and the continuous regime, the accuracy of these methods has not been tested. Moreover, to reconstruct the particle size distribution from the moments, there is a need for moment methods that have demonstrated their ability to allow high quadrature orders. The work of John et al. (2007) indeed states that at least three points of quadrature (six moments) are required to correctly represent a PSD with a single peak and six points of quadrature (twelve moments) are required to reconstruct a PSD with two or three peaks.
In this context, we showed (Guichard et al., 2014b ) that the DAE-QMOM approach of Gimbun et al. (2009) was particularly well suited to solve the modelling of aerosol undergoing aggregation in turbulent indoor air conditions with a high quadrature order. A complete CFD model, which used this DAE-QMOM approach for the aggregation of the particulate phase was then presented (Guichard et al., 2014a) . It accounts for the transport, the Brownian and turbulent aggregation and the deposition of aerosols with particle size ranging from a few nanometers to a few micrometers. This model was assessed in very simple configurations, like ducts, bends and well-mixed chambers, each configuration allowing the validation of an isolated physical phenomenon (deposition, Brownian or turbulent aggregation, transport, etc.). More recent developments were also proposed in (Guichard et al., 2014b) in order to take into account the effect of morphology on aggregation kinetics and to demonstrate the influence of turbulence. Comparisons with reference experimental data showed the ability of the modelling approach to predict the PSD shift due to aggregation. However, the validation was limited by the available experimental data.
The experimental validation of the coupling of CFD with the method of moments to investigate the dynamics of two-phase flows where the discrete phase undergoes aggregation has already been addressed in the past for specific applications. Marchisio et al. (2003b) have evaluated the implementation of CFD-QMOM for particles suspended in a Taylor-Couette liquid flow where breakage was in competition with aggregation. However, this situation is quite far from the case of airborne nanoparticles in indoor environments, especially since turbulent aggregation does not occur.
The same comment applies to the work of Sung et al. (2011) , who investigated nucleation and Brownian aggregation in a turbulent diffusion flame. This as well cannot be used as a reference to evaluate the ability of the CFD-QMOM approach to describe the dynamics of aerosols of nanoparticles in ambient air. Moreover, no spatial characterization of the particle size distributions has been conducted in these works. Other available experiments in the field (Kim et al., 2006 (Kim et al., , 2003 Koivisto et al., 2012; Seipenbusch et al., 2008; Wentzel et al., 2003) all considered perfectly stirred environments. Consequently, the obtained data were better fitted for the validation of 0-Dimensional models than for CFD models, especially considering the intricate choice of a stirred flow for CFD validation. Another unsatisfied experimental need for CFD concerned the characterization of turbulence, which plays a significant role on aggregation kinetics (Zaichik and Solov'ev, 2002) . No turbulence measurements were generally reported in these experiments, except in Kim et al. (2006) , who provided only an indirect global characterization of turbulence by fitting deposition curves.
Finally, the information concerning the morphology of aggregates is generally missing in these experiments, particularly their collision diameter which significantly affects the aggregation rate.
So far, these drawbacks prevented a straightforward experimental validation of CFD models designed for airborne nanoparticles transport and aggregation, until recently an experiment was specially designed (Belut and Christophe, 2016) . The purpose of the present paper is hence to evaluate the performance of the nano-aerosols dynamics model described in Guichard et al. (2014a) as compared to this experimental work. This paper considers the case of two different types of aerosols, namely sodium chloride and copper oxide particles, presenting distinct PSDs, which are steadily injected in an aggregation chamber at moderate Reynolds number. After briefly describing the reference experiment and the model, the simulated airflow results are compared with Laser Doppler Anemometry (LDA) measurements. Then computed and measured PSD properties in the chamber are compared for both aerosols.
Experimental reference case
We consider the experiment of Belut and Christophe (2016) on the chamber height of 15 000) and the round jet formed by the incoming flow degenerated to turbulence in the chamber. The authors supplemented the characterization of the airflow by providing measurements of the mean age of air at several points in the chamber, which characterizes the air renewal and ventilation homogeneity in the chamber. The transport and aggregation in the chamber of two types of aerosol was considered: the first studied aerosol was composed of polydisperse sodium chloride (NaCl) cubes generated by spray-drying, with a geometric mean size of 43.7 nm, a geometric ) composed of low-inertia particles (particle relaxation time lower than Kolmogorov's time scale, which in practice is the case for particles with aerodynamic diameters below 10µm for most indoor air applications), it can be assumed that particles do not influence the carrier gas flow (Elghobashi, 1994; Gao and Niu, 2007; Holmberg and Chen, 2003; Holmberg and Li, 1998; Zhao et al., 2004) . A one-way coupling approach can hence be used to model the airflow in the present case. For indoor environments, the RANS k   RNG (Yakhot et al., 1992) turbulence model is frequently adopted. In this paper, we then considered this turbulence model, such as implemented in the commercial code Ansys Fluent 15.0 with a finite volume approach. In the present case, the use of a realizable closure model was also enforced by the presence of a round jet.
Comparison between predicted airflows and turbulence parameters with the LDA measurements confirm the relevance of this choice for the present application, as highlighted in the result section.
The mesh size was constrained by the deposition formulation for the aerosol described in section 3.3, equation (12), namely the sizes of the first cells near the wall were chosen so that the non-dimensional cell-wall distances were close to 30 y   . The mesh was composed of 70,000 hexahedral cells with a slight refinement near the inlet and the outlet to improve mesh quality statistics. Another mesh of 500,000 hexahedral cells has also been used to verify the good convergence of the results according to the spatial discretization. Standard wall functions were used for both meshes since most of the walladjacent cells were in the logarithmic zone of the turbulent boundary layer profile. At inlet, the velocity and turbulence profiles provided by Belut and Christophe (2016) were imposed as boundary conditions for the simulations. The QUICK discretization scheme was used for momentum equations together with the SIMPLE algorithm for pressure-velocity coupling. The resolution was considered converged when all normalized residuals decreased below 10 -6 .
Age of air modeling
The mean age of air a  at a given point corresponds to the average time needed by air molecules to reach this point, starting from the air inlet. The mean age of air gives information about the mixing homogeneity in the chamber and is also a good indicator of the residence time of airborne pollution.
Since it accounts simultaneously for both mean and turbulent transport, it is a robust way of evaluating the quality of airflow modeling and it can be easily compared to experimental measurements. The mean age of air is modeled by the following advection-diffusion equation in steady-state: 
Aerosol modeling
Assuming that the airflow is correctly solved and converged, a convenient solution to track the dynamics of an aerosol in indoor environments has been presented by Chen et al. (2006) as a new "Drift-Flux" model. This model has been successfully compared to experiments for two aerosols of 1 µm and 10 µm. In these cases, the aerosol dynamics is governed by transport (both convection and diffusion), gravitational settling and deposition. The "Drift-Flux" model appears very fast and predictive for monodisperse aerosols. However, when a polydisperse aerosol is considered, it becomes necessary to discretize the PSD into sections and then solve one transport equation for each particle size. This sectional method significantly increases the computational cost of the entire simulation, especially when a fine resolution of the PSD is needed. This is the case when considering submicron particles at high concentrations, for which the aggregation phenomenon is significant. Aggregation tends to change the PSD with space and time, which can be accounted for as source terms in the "Drift-Flux" model by solving the population balance equation. As stated in the introduction, such method requires computationally expensive numerical techniques. In order to reduce the computational cost inherent to aggregation, methods of moments have been developed. They consist in tracking only the moments of the particle size distribution, which are defined by: Mt is the th k moment of the particle size distribution. However, definition (2) applied to the population balance equation leads to integro-differential equations which cannot be analytically solved in the general case.
To overcome this difficulty, we use the DAE-QMOM technique described in Guichard et al. (2014b) , which was initially proposed in Gimbun et al. (2009) in a chemical engineering context. It is possible to keep a low computational cost since Marchisio et al. (2003a) showed that the first six moments were sufficient to describe a particle size distribution, i.e., only six transport equations are solved for tracking the dispersed phase flow.
Transport equation
The starting point consists in rewriting the "Drift-Flux" model in terms of moments. Some assumptions can be made when considering low-inertia particles in a ventilated room: the turbulent diffusivity is much larger than the Brownian diffusivity, except in the near wall region where the Brownian diffusivity affects the deposition. Thus the Brownian diffusivity only appears in the deposition flux term and is not considered in the transport equation. Moreover, for particles as small as those considered in present paper (below 200 nm), the settling velocity is lower than 10 -6 m.s -1 , which is two orders of magnitude inferior to Brownian velocity and several orders of magnitude lower than the average flow velocity. Hence, settling is negligible with respect to convective transport by the fluid and to Brownian motion, also observed by Allen (2003) . The final transport equation then takes the following form: (Shih et al., 1995; Yakhot et al., 1992) . The set of equations (3) can be implemented in any CFD solver as passive scalar transport equations including a source term.
Aggregation source term
The temporal change of moments due to the aggregation phenomenon is given by the following population balance equation (Hulburt and Katz, 1964) :
where   
where   B DL is the Brownian diffusion coefficient. The Brownian diffusion coefficient of a particle of size L is computed by: 
The Knudsen number is given by
where  is the mean free path of the carrier gas, typically equal to 66 nm for the ambient air at 20 °C.
Boundary condition for the deposition
The particle deposition is taken into account by directly providing the theoretical flux of moments towards the wall. Following the "Dynamic Boundary Layer" model of Nerisson et al. (2011) , the concentration profile in the boundary layer is integrated, leading to the following expression of the deposition flux:
where   d VL is the particle deposition velocity given by equation (13) for any surface orientation and whose the limit for a vertical wall is described in equation (14).
In equations (13) and (14), * u is the fluid-wall friction velocity,
is the dimensionless gravitational acceleration vector, n is the unitary normal vector to the wall and
is a function defined by: 
In equation (15) 
Linking non-spherical particle diameters

Volume equivalent and electrical mobility diameters
The model described in this section considers volume equivalent diameters, whereas the experimental measurements of Belut and Christophe (2016) 
where
 
Cu L is the Cunningham coefficient obtained from equation and  is the dynamic shape factor. Equation (17) can be solved for each aerosol knowing the mean dynamic shape factor of aggregates. Belut and Christophe (2016) provide the ratio between the Feret's diameter and the projected area diameter resulting from a TEM analysis. Assuming that such ratio gives an estimate of the dynamic shape factor, the value of 1.08 is retained for the NaCl aerosol, corresponding to fairly compact aggregates, and the value of 1.90 will be used for the CuO aerosol. These dynamic shape factors are consistent with the literature (Hinds, 1982) and with the TEM images of Belut and Christophe (2016) .
In practice, the link between volume equivalent and mobility diameters is used in the computation through the following steps:
-Pre-processing: equation (17) is used to convert a measured particle size distribution (as a function of electrical mobility diameter) to a modeled particle size distribution (as a function of volume equivalent diameter) -Calculation: equation (5) is fully solved in terms of volume equivalent diameters, which also allows assuring a perfect mass balance.
-Post-processing: if numerical results have to be compared with measurements, it is possible to go back to electrical mobility diameters by re-using equation (17).
Volume equivalent and geometrical diameters
Numerical simulations require the definition of a geometrical diameter g L which is involved in the aggregation kernel expression of equation (5). For fractal-like aggregates, g L takes the following form: 
where  is the packing fraction taken to 0.68, close to the densest packing limit of about 0.74. This factor takes into account the fact that spherical monomers cannot occupy the whole aggregate volume.
The mean diameter of monomers can be measured from TEM images and the fractal dimension is usually deduced from simultaneous measurements of two equivalent diameters. Charvet et al. (2014) obtained a monomer diameter of 2.6±0.6 nm and a mass-mobility exponent of 2.174 for Cu and CuO aerosols produced by the spark discharge generator used in Belut and Christophe (2016) . The massmobility exponent differs from the fractal dimension, but Eggersdorfer et al. (2012) found that an aggregate with a mass-mobility exponent of 2.15 also has a fractal dimension of 1.8. Hence a monomer diameter of 2.6 nm and a fractal dimension of 1.8 will be used in CuO simulations.
Regarding NaCl nanoparticles generated by nebulization, we use the parameters of Guichard et al.
(2014a) which showed a good agreement with experimental data for a monomer diameter of 10 nm and a fractal dimension of 2.2. These values are consistent with the compact shape of NaCl aggregates observed by Belut and Christophe (2016) .
In practice, the link between volume equivalent and geometrical diameters is used while computing the aggregation source term with equation (5). Abscissas L and weights w are first obtained from moments k M according to the quadrature method of moments. Then equation (18) is used to convert volume equivalent abscissas to geometrical abscissas where it is required in the aggregation kernel computation, namely in equations (7), (8) and (9). Outside the jet, as one goes in the x direction from the inlet face to the outlet face of the chamber, the mean age of air decreases to approach the perfect mixing residence time. Similar trends are found experimentally and numerically, which confirms the good representation of the modeled airflow.
Summary: parameters used in the simulations
Considering this distribution of the mean age of air, it is expected that the aerosol PSD will strongly vary through aggregation in the jet region, while presenting rather homogenous properties in the rest of the chamber. To evaluate the relevancy of the modeling presented in section 3 for predicting the particle dynamics in a ventilated chamber, the total number concentration 0 M in the central plane at abscissas x=0.1 m, x=0.3 m, x=0.5 m and x=0.7 m is plotted in figure 8 for the NaCl aerosol. The number concentration between the inlet and the center of the chamber is reduced by a factor of about two, changing from 6.3×10 6 #.cm -3 to 3.15×10 6 #.cm -3 , demonstrating the impact of aggregation on airborne nanoparticles.
The numerical simulation is in very good agreement with the experimental data of Belut and Christophe (2016) , where the predicted values fall within the measurement errors. However, slight discrepancies can be observed at the top of the concentration profile at x=0.7 m. Numerical results seem more sensitive to the inlet jet while experimental results are almost homogeneous along this vertical profile. Such measurements results are not totally expected because this phenomenon was not observed on mean air ages profiles in figure 5 , where both numerical and experimental results were still sensitive to the inlet jet, despite approaching homogeneity. In fact, as the aerosol age is lower at z=0.35 m than at z=0.05 m, the concentration should be higher, which is not obvious on particle concentration measurements at x=0.7 m. The total number concentration 0 M in the central plane is now plotted for the CuO aerosol in figure 9 .
It can first be observed that the number concentration is divided by three between the inlet and the center of the chamber, changing from 7.13×10 6 #.cm -3 to about 2.30×10 6 #.cm -3 . This significant change in particle size distribution is explained by a higher aggregation rate than for NaCl particles, due to a higher number concentration at inlet, smaller particles and less compact shapes of aggregates.
A high number concentration indeed increases the probability of collision between particles and a small size increases the sensitivity of particles to Brownian motion and hence particles velocity Aggregation decreases the number concentration of aerosols as a function of their residence time, as observed in figures 8 and 9. In the meantime, the mean diameter of the PSD is expected to increase while the PSD widens. Tracking the evolution of these aerosol properties between a source and its potential inhalation is an important expected feature of models designed for exposure or toxicology studies. The geometric mean diameter GMD and the geometric standard deviation GSD can be expressed as functions of moments when assuming a log-normal particle size distribution as: M are the first three moments of the particle size distribution.
The log-normal assumption can be made here because correlation coefficients between fitted lognormal distributions and measured particle size distributions are above 99%. Figure 11 shows the comparison between measured and predicted GSD for NaCl and CuO aerosols in the central plane y=0. The aerosol PSD widens between the inlet and the outlet since the GSD increases while the particles age. It can be observed in figure 11 that numerical simulations tend to slightly under-estimate the GSD systematically. These discrepancies are attributed to the log-normal assumption used to reconstruct particle size distributions, which is not strictly true in practice.
However big the relative errors between experimental and numerical GSD appear on figure 11 because of the x-axis scale, they in fact do not exceed 5% which is a fairly acceptable modeling error. Beyond the mere prediction of the evolution of the aerosol global properties (total number concentration, GMD and GSD ), it can also be useful to reconstruct the real particle size distribution from the moments. Presuming again a log-normal distribution according to the measurements, the number probability density function (PDF) can be explicitly computed from the moments with the following equation:
Figure 12 thus shows the measured and computed PDFs of diameters for both NaCl and CuO aerosols at inlet and outlet. At inlet, the reconstructed PDF from simulation results is expected to be similar to the measured one since it constitutes a simulation input. The small differences which can be observed are due to the presumed log-normal distribution which does not perfectly fit measurements. However, these results demonstrate that the modeling is able to quantitatively predict the change of particle size distribution resulting from the aggregation occurring during the turbulent transport of an aerosol of ultrafine particles.
Figure 12
Measured and computed probability density functions at inlet and outlet of NaCl and CuO aerosols
Computed deposition losses
The modeling approach allows distinguishing the reduction of nanoparticles due to deposition and aggregation. It is hence possible to post-process the rate of particles which are entering the chamber, exiting the chamber, depositing on the walls and aggregating between them at each time. Such rates are summarized in table 2. From this table, it can be observed that only 0.18 % of the emitted NaCl nanoparticles are lost by deposition, whereas 48.13 % are lost by aggregation. For the CuO aerosol, it is 1.07 % by deposition and 63.82 % by aggregation. These results tend to confirm the minor contribution of particle deposition compared to particle aggregation in the chamber.
To distinguish the relative contribution of Brownian and turbulent aggregation rates, computations using a pure Brownian aggregation kernel have also been conducted. For the present application, it can be observed in table 2 that the contribution of turbulence on aggregation is negligible because of the low inertia of particles and of the globally low turbulence intensity in the chamber. The contribution of turbulence is slightly higher for the aggregation of the NaCl aerosol, although it stays below the deposition contribution. Thus, in present case, turbulent aggregation doesn't play a significant role.
However, it still has to be taken into account for other applications where turbulence is more intense, such as demonstrated by the experiment of Kim et al. (2006) which involved aerosol of similar PSD, shape and composition at higher turbulence intensities. Numerical simulations offer a powerful tool to identify locations where the deposition of nanoparticles is the most important. The distribution of the flux of CuO particles which are deposited to the walls is thus shown in figure 13 for planes at y=0.2 m (rear wall), z=0 m (ground) and x=0.8 m (outlet wall).
Hence, for such low-inertia particles, the highest deposition rate is reached on vertical walls for the viewing planes in figure 13 . This fact is expected because the deposition mainly occurs from the contribution of turbulent and Brownian mechanisms.
Figure 13
Computed local deposition rate for the CuO aerosol
Conclusion
The CFD-QMOM three-dimensional modeling of the turbulent transport of airborne nanoparticles undergoing aggregation has been assessed on a comprehensive experimental dataset. The experiment was designed to provide space-resolved measurements of particles and airflow properties in a ventilated chamber operating in steady-state regime.
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In a first step, mean velocity, turbulence kinetic energy and mean age of air profiles, obtained from experiments and simulations have been compared to verify the modeled airflow. Then the simulation of the dynamics of two different aerosols has been validated by comparing measured and computed characteristics of the aerosols particle size distributions. The modeling approach was found to provide satisfactory predictions of the particle size distributions for all considered cases, given the experimental uncertainties.
The presented CFD-QMOM approach appears hence able to predict convincingly the behavior of an aerosol of nanoparticles subjected to turbulent transport, deposition and aggregation. Such modeling can be used to track the particle size distribution of a nano-sized aerosol from its emission to the whole indoor environment, with immediate applications in the field of exposure modeling and computer aided design of protective equipments or ventilation strategies. As this model has also been validated for micro-sized aerosols undergoing transport, deposition and sedimentation in a recent paper
